Abstract Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) as an important enzyme in photosynthetic process exists in various marine phytoplankton. To investigate the photosynthetic phytoplankton communities, conservative encoding gene of RubisCO large subunit (rbcL) was chosen as a target gene in this study. We constructed 33 clone libraries from samples collected in the north of South China Sea (NSCS) and retained 3173 sequences for further analysis. Results of BLASTp showed Stramenopiles and Haptophyta were predominant taxonomic groups in this area, while only five harmful species of Dinophyta were observed. According to the estimators of biodiversity, the photosynthetic community of N709 had very low genetic diversity and richness, which could be explained by the influence of brackish estuarine environment. Beta diversity showed that all samples could be clustered into three groups and those samples with approximately the same distance to land clustered together. Temperature, depth, and latitude of stations as biogeographic factors were indicated to have a significantly positive or negative relation with biodiversity estimators of the phytoplankton community. We concluded that biogeographic factors could be linked with difference in diversity and population of natural phytoplankton assemblages in horizontal surface of NSCS in summer 2007.
Introduction
Marine phytoplankton are vital primary producers that carry out almost half of photosynthetic carbon fixation on earth and profoundly influence the global carbon cycle (Falkowski 1998) . To study distribution and composition of natural phytoplankton assemblages, researchers usually employ pigment analysis (Bidigare and Ondrusek 1996; Peeken 1997) , flow cytometry (Cellamare et al. 2009; Collier 2000; Urbach and Chisholm 1998) , and microscopic methods (Parker et al. 2011; Rodriguez et al. 2002; Schluter et al. 2006 ). Molecular approaches have been applied in phytoplankton research recently by using gene markers, such as 18S rDNA (Moon-van der Staay et al. 2000) , 16S rDNA (Fuller et al. 2006) , and ITS sequences (Adachi et al. 1996) . Besides classic gene markers, some functional genes, such as NR and rbcL, are also used in phytoplankton research. Such genes are involved in nitrogen and carbon assimilation and thus can directly indicate the role of phytoplankton in the ecosystem (Bhadury and Ward 2009) . Especially, the gene rbcL has been used as a marker to explore Electronic supplementary material The online version of this article (doi:10.1007/s10811-015-0624-3) contains supplementary material, which is available to authorized users.
varieties of aquatic environments (Kong et al. 2012; Giri et al. 2004; Elsaied et al. 2007) .
rbcL encodes the large subunit (L) of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO). RubisCO is the most important enzyme in the dark reactions of photosynthesis and catalyzes both the reduction of CO 2 and the oxygenolysis of ribulose-1,5-bisphosphate in the photosynthesis process. It is the most abundant protein on the planet, and it plays an important role in global carbon cycling (Chase et al. 1993 ). According to the literature, RubisCO has three different forms (Kitano et al. 2001) . Form I (L 8 S 8 ) composed of eight large (L) and eight small (S) subunits and widely exists in all plants and some bacteria. The S subunit is encoded by gene rbcS. Form II is usually a dimer L 2 found in dinoflagellates and some photosynthetic bacteria. In some archaea, the structure of form III RubisCO has been identified as a unique decamer (L 2 ) 5 . Therefore, the L subunit is a constant part in all three forms of RubisCO. When compared with the S subunit, the large RubisCO subunit has a more conserved sequence, making its coding gene rbcL a suitable gene maker for phylogenetic purposes (Xu and Tabita 1996) .
Here, we sought to investigate natural phototrophic phytoplankton assemblages in the surface water of the northern South China Sea (NSCS, 110-120°E, 18-23°N) by rbcL gene sequencing. The South China Sea (SCS) is one of the largest marginal seas in the tropical Pacific, and its northern area (NSCS) annually receives a large amount of nutrients from the Pearl River to support primary productivity in summer. Moreover, this region is composed of various ecological systems, including estuarine, coastal, upwelling areas, and abyssal areas. Complicated geographical environment, as well as nutrients (Nelson and Dortch 1996; Gobler et al. 2005; Peng et al. 2006) , may shape communities of phytoplankton and interactively affect their distribution pattern. As Peng et al. (2006) reported, cold water from the Pearl River and coastal upwelling bring rich nutrients into the NSCS in summer, which stimulates phytoplankton growth and stock; nutrient enrichment experiments also have elucidated that multinutrient addition could affect growth and structure of the phytoplankton.
Several previous studies (Ke et al. 2011; Li et al. 2010; Sun et al. 2007 ) have been conducted and demonstrated that the seawater of the NSCS contained a high biomass and diversity of phytoplankton. From February to March of 2004, Sun et al. (2007) found that Bacillariophyta and Dinophyta were predominant in seawater, followed by Chrysophyta, Cyanophyta, and Chlorophyta. In subsequent investigations, Bacillariophyta and Dinophyta were observed still predominant in autumn of 2004 and summer of 2007, while Chrysophyta and Cyanophyta had much lower diversity and richness (Li et al. 2010; Ke et al. 2011) . Traditional research using morphological identification and cell counting methods provides important reference for understanding the natural phytoplankton communities. However, as genetic markers have been rarely considered, information on natural phytoplankton communities from the NSCS at the molecular level is very insufficient. Therefore, we employed molecular approaches to provide a new perspective to understand the natural assemblages of phototrophic phytoplankton in surface water of the NSCS.
Materials and methods
Water samples from 33 stations (Fig. 1) were obtained during the research cruise of RV Number Three Sea Labs on August/ September 2007. The sampling sites were from the classic geographical area of the NSCS, such as the Pearl River estuary, coastal shelf, upwelling region, and basin area. At each sampling site, we collected seawater at a depth 5 m using a Sea-Bird CTD-General Oceanic rosette sampler with Go-Flo bottles (SBE 9/17 plus; Sea-Bird Inc.). Then 200 L seawater was filtered through 0.22-μm pore-sized white polycarbonate filters to keep all free-living organisms. The 0.22-μm filters were immediately stored in sterile 50-mL centrifuge tubes and frozen at −20°C. Salinity and temperature were measured in situ using the conductivity/temperature/depth sensor (CTD). Data of inorganic nutrients was provided by the South China Sea Ocean DataBase of the South China Sea Institute of Oceanology, Chinese Academy of Sciences. Analysis of environmental factors (nutrients, salinity, and temperature) was processed using a Surfer program (Golden Software, Inc.).
DNA extraction
The frozen filters were thawed before being cut into several pieces and then ground with liquid nitrogen in a sterilized mortar. The powder was split into 10 Eppendorf tubes and mixed with 0.7~0.8 mL lysis buffer (containing 1.4 mol L −1 NaCl, 100 mmol L −1 Tris-HCl (pH 8.0), 100 mmol L −1 EDTA (pH 8.0), 3 % CTAB, 0.2 % ME, and 1 % PVP). After blending, 10 μL of lysozyme E (50 mg mL
) was added into each tube, and the tubes were ) was added into the mixture prior to incubation for 48 h at 37°C. Cell lysates were extracted with an equal volume of phenol and centrifuged for 10 min. The upper phase of the centrifugation products was subsequently extracted twice with phenol to chloroform to isoamyl alcohol (25:24:1, v/v/v, Sigma) and once with chloroform to isoamyl alcohol (24:1, v/v, Sigma). Then the aqueous upper layer was transferred to a clean tube. The sample was mixed with sodium acetate (3 mol L −1 , pH 5.2) and isoamyl alcohol in a ratio of 10:1:20 (v/v/v) prior to standing over 30 min at 25°C. The precipitated DNA was collected by centrifugation at 10 000×g for 10 min, and the supernatant discarded. The nucleic acid pellet was washed twice with 0.5 mL of 70 % ethanol, dried at room temperature, and resuspended in 250 μL TE solution. We confirmed DNA quality on 1 % Tris-acetate EDTA (TAE) agarose gels stained with ethidium bromide.
Amplification of rbcL and clone sequencing Universal primers (24 F, 5′-TAAAGCAGGTGCAGGATTTAAAGC-3′; and 1383R, 5′-TATCAAATTCAAATTTAATTTCTTTC CAAAC-3′) and thermal cycling profile from Manhart (1994) were adopted to insure rbcL genes of form I and II RubisCO amplified during PCR. Twenty microliter of reaction solution was composed of 1 μL DNA template, 10 pmol per primer, 1 U Taq DNA polymerase, 0.4 μL of dNTP (10 mol L −1 ), 2 μL of 10× PCR buffer, and 1.6 μL Mg 2+ . The reaction cycle was predenaturating at 94°C for 3 min, followed by 35 cycles of 1 min at 94°C, 2 min at 45°C, and 3 min at 65°C. The PCR products were mixed with ethidium bromide before subjected to 1 % TAE agarose gel electrophoresis. The bands of expected size were excised and purified with the Bioteke Gel Extraction Kit (Bioteke Corp., China).
The purified PCR products were ligated into pGEM-T easy vector system (Promega, USA) and subsequently transformed into Escherichia coli DH5α competent cells according to the manufacturer's instruction. After incubation, recombinant clones were picked from clone libraries and sequenced with an AB 3730 DNA sequencer (Applied Biosystems) at the National Human Genome Center in Shanghai. The rbcL sequences reported in this study have been deposited in the GenBank database under accession numbers KF135952-KF137538 and KF212507-KF214092.
Taxonomic assignments and sequence processing We discarded some low-quality sequences prior to subsequent analysis of rbcL sequences. To perform local BLASTp (Altschul et al. 1997) , we downloaded over 90,000 amino acid sequences of RubisCO large subunit from NCBI (http://www. ncbi.nlm.nih.gov/). Multiple DNA sequences obtained from clone libraries were aligned using CLUSTALW in MEGA 5 (Tamura et al. 2011) and then edited by BioEdit (Hall 1999 ).
An approximately maximum-likelihood tree was inferred by FastTree (Price et al. 2010) with GTR+CAT model (1000 resamples) and visualized by FigTree v1.4.0 (Rambaut 2006) .
OTU clustering and analyses Sequences were grouped into operational taxonomic units (OTUs) at a 0.1 distance limit (equivalent to 90 % similarity) by using the Mothur program (Schloss et al. 2009 ). Rarefaction curves, Good's coverage, inverse of the classical Simpson diversity index (Invsimpson), bias-corrected Chao1 index, and nonparametric Shannon diversity index (NP-Shannon) for each sample were generated from the cluster file by Mothur (Schloss et al. 2009 ). The Invsimpson calculator is a preferred estimator of alpha diversity because it is an indication of the richness in a community with uniform evenness that would have the same level of diversity. Chao1 and NP-Shannon are commonly used indexes for the richness and biodiversity estimates. Furthermore, Jackknife cluster and principal coordinate analysis (PCoA) were performed to estimate beta biodiversity using the online UniFrac program (Lozupone and Knight 2005) . In order to link the environmental parameters to beta diversity of phytoplankton assemblages, we used R program (http://www.r-project.org/) to calculate the correlation matrix and perform Spearman's test.
Results

Environmental factors
Contour maps (Fig. S1a-e) were generated from the physicochemical data, which indicated a large amount of nutrient input from the Pearl River. Concentration of ammonia nitrogen, as well as nitrite, nitrate, and phosphate, was at high level near the estuary and tended to decrease from the estuary to the half-open marine area. Conversely, salinity and temperature ( Fig. S1f-g ) showed increasing trends, due to the influence of cool fresh water from the Pearl River. Similar results were reported by Ke et al. (2011) .
Phylogenetic analysis of rbcL gene
A total number of 3182 DNA sequences were originally obtained from 33 clone libraries. After low-quality sequences were deleted, 3173 sequences were retained for further analysis. For each station, the number of clones ranged from 86 to 137 (Table 1) . Using BLASTp, we assigned all rbcL gene sequences into 170 distinct phylotypes (e value <10 −44 ).
Ninety-two percent of rbcL sequences (2918 sequences) were significantly consistent (identity ≥90 %) with their reference sequences (supplementary material). Among these 2918 sequences, 20.1 % of them were identified highly similar with uncultured phytoplankton. Major of rbcL sequences affiliated with different types of eukaryotic planktonic algae (3108 sequences, 98 %; Table S1 ), including Stramenopiles (1861 sequences, 58.7 %), Haptophyta (1062 sequences, 33.5 %), Dinophyta (137 sequences, 4.3 %), Rhodophyta (29 sequences, 0.9 %), Cryptophyta (18 sequences, 0.6 %), and Chlorophyta (only one sequence). Topological structure of phylogenetic tree agreed well with the results of BLASTp that the major compositions of phytoplankton in the NSCS were Stramenopiles and Haptophyta (Fig. 2) . Even in every single library, Stramenopiles and Haptophyta were absolutely predominant (Fig. 3) . For instance, the clone libraries from N205 and N302 were dominated by Stramenopiles and Haptophyta whereas in site N709, Stramenopiles alone accounted for about 97 % of phylotypes.
Stramenopiles and Haptophyta were predominant not only in the clone libraries but also at taxonomic levels of eukaryotic phytoplankton. At class taxonomic level, 90 % of rbcL sequences were occupied by 10 taxonomic groups of Stramenopiles and Haptophyta: Coccolithophyceae, Mediophyceae, Dictyochophyceae, Bacillariophyceae, Pelagophyceae, Chrysophyceae, Eustigmatophyceae, Coscinodiscophyceae, uncultured stramenopiles, and haptophyte. The genera Platychrysis, Chrysotila, Chrysochromulina, Apedinella, Pseudo-nitzschia, Pseudochattonella, Navicula, and Chaetoceros, were very common in our study area. When sequences were assigned to species, the most frequently-occurred species also belonged to Stramenopiles and Haptophyta: Apedinella radians, Pseudochattonella verruculosa, Navicula salinicola, Chaetoceros muelleri, Platychrysis sp., Chrysotila scherffelii, and Chrysochromulina alifera (Table S1 ). In our investigation, the Bacillariophyta (23.6 %) was the most important component of the Stramenopiles and the predominant phytoplankton phylum in the surface seawater of the NSCS, which was consistent with previous studies (Ke et al. 2011; Li et al. 2010; Sun et al. 2007 ). According to Medlin and Kaczmarska (2004) , we classified sequences of Bacillariophyta into three classes: Mediophyceae (356 sequences), Bacillariophyceae (330 sequences), and Coscinodiscophyceae (31 sequences) (Fig. S2) . Pseudonitzschia, Navicula, Chaetoceros, and Conticribra were the most common genera of Bacillariophyta in our study (Table S1 ). Sequences affiliated with Alveolata all belonged to Dinophyta. Only five species of Dinophyta were identified, Dinophysis fortii, Karenia brevis, Durinskia capensis, Kryptoperidinium foliaceum, and Protoperidinium quinquecorne and these mainly occurred in five near-shore sites (N101, N102, N104, N201, and N501) and two offshore sites (N701 and N414) (Fig. S3 ). Rhodophyta were rarely observed in 33 clone libraries; most sequences of Cryptophyta were found in the off-shore site N201 (Fig. 3) .
Except for eukaryotes, a certain amount of sequences were related to bacteria and mainly belonged to the Cyanobacteria (1.8 %) and Proteobacteria (0.2 %) ( Table S1 ). Two genera of Cyanobacteria observed in the NSCS were Synechococcus and Prochlorococcus, which are ubiquitous bacterioplankton in marine environment (Chen et al. 2004; Urbach and Chisholm 1998; Vaulot et al. 2008 ).
Analysis of phytoplankton communities basing on OTU clustering
At 90 % similarity level, all rbcL gene sequences were placed into 196 OTUs. The number of observed OTUs of each clone library varied between 14 and 65, with an average of 37 (Table 1 ). Good's coverage (>68 %) and rarefaction analysis (Fig. S4 ) visually showed that those constructed libraries captured enough clones of phytoplankton from each sample. In site N709, there were only 14 OTUs in phytoplankton with a high coverage of 91 % (Table 1) , presenting much less diverse when compared with the others (Fig. S4) . To assess the diversity within the phytoplankton community (alpha diversity), we calculated Invsimpson index, Chao1 index, and NP- 70%   80%   90%   100%   N101  N102  N104  N107  N201  N203  N205  N302  N305  N307  N400  N401  N403  N406  N407  N408  N410  N412  N414  N416  N418  N420  N422  N424  N426  N501  N505  N701  N702  N704  N707  N709 Shannon index (Schloss et al. 2009 ), which also indicated that the phytoplankton assemblage in N709 had remarkably poor biodiversity and abundance. Moreover, high diversity or abundance could be seen in stations N410, N420, N501, and N702, based on diversity estimate indexes (Table 1) . We also calculated dissimilarity of structures between every two phytoplankton communities (beta diversity) based on UniFrac matrix. As a result, 33 sites were classified into three groups in the Jackknife clustering tree (Fig. 4) : coastal locations (Group I, except N701 and N414), off-shore sites (Group II, except N412), and other stations in the basin area (Group III). It seems that biogeographic location is the main factor affecting the dissimilarity of phytoplankton communities in the NSCS. A similar result was also obtained by PCoA analysis (Fig. 5) . The first two principal coordinates P1 and P2 of PCoA analysis together explained 63.30 % of total variation (P1 alone explained 49.94 %). Thirty-three samples separated well along the P1 and P2 coordinates. In addition, we calculated a correlation matrix using diversity estimators and abiotic variables of each station in order to directly indicate relationships between the phytoplankton distribution and the environmental factors. Results revealed three indexes, including number of OTUs, Invsimpson, and NPShannon, positively/negatively correlated with temperature, depth, and latitude (|ρ|>0.5, P<0.05), while salinity and nutrients were not strongly correlated with those estimators as we expected (|ρ|<0.5) ( Table 2 ). This indicated that geographical factors impacted the diversity of natural photosynthetic phytoplankton communities in NSCS more significantly than salinity and nutrients factors did.
Discussion
Marine Stramenopiles (MASTs) are a diverse eukaryotic phytoplankton group widely dispersed in the world oceanic waters (Massana et al. 2006; Lin et al. 2012) . In this study, rbcL sequences belonging to Stramenopiles were very common in each clone library and accounted for over 50 % of all taxonomic groups; this also has been described in a previous study (Massana et al. 2002) . Moreover, we found four species of Stramenopiles were abundant in NSCS: Apedinella radians, Pseudochattonella verruculosa, Navicula salinicola, and Chaetoceros muelleri (Table S1) . Among these species, P. verruculosa has been found to be the main cause of recurrent harmful algal blooms (HAB) in Japan (Hara et al. 1994; Yamaguchi et al. 1997) . In New Zealand, blooms of P. verruculosa also have been observed causing fish mortalities (MacKenzie et al. 2011; Skjelbred et al. 2013) .
On the basis of morphology, Li et al. (2010) reported 35 genera and 88 species of diatoms, accounting for 57.9 % of all 152 species and varieties observed in this sea area; Dinophyta (15 genera, 60 species) followed Bacillariophyta and were less abundant. Similarly, we identified about 170 species and 86 genera of phytoplankton in the NSCS, and the Bacillariophyta alone consisted of 33 genera and 57 species, although few were the same species in Li et al. (2010) . In our investigation, only five species of Dinophyta were observed, whereas the Haptophyta (14 genera, 39 species) was found to be the second most abundant taxonomic group. We considered this inconsistent result was primarily due to the different approach we adopted in this study. Unlike traditional methods, rbcL gene was adopted as a marker to investigate the photosynthetic phytoplankton. Application of rbcL gene determined that phylogenetic analysis depends on the database of nucleotide or amino acid sequences, whereas there were no more than 50 species of Dinophyta in our downloaded databases for local BLAST analysis. We must admit that lack of Dinophyta amino acid sequences in local database limited the species range of Dinophyta that was available for rbcL sequence assignment, therefore underestimating the actual diversity of the Dinophyta. The DNA extraction process inevitably lost templates of some species, while PCR bias might enlarge the richness of some species or omit some species (Kirk et al. 2004 ). More importantly, components of natural communities are inevitably not accounted for or overestimated, since no ecological techniques are perfect (Hewson and Fuhrman 2004) . Even though the molecular approach was not perfect, we captured many species of Stramenopiles, Haptophyta, Rhodophyta, and Cryptophyta in the NSCS (Table S1 ) that could not be observed using light microscopy in a previous study (Ke et al. 2011 ); a wider range of species was covered in the analysis of the natural phytoplankton communities in this study. Furthermore, rarefaction curves (Fig. S4 ) and clone (Table 1) suggested we had obtained enough clones to represent the natural phytoplankton communities.
All five species of Dinophyta found in this study are harmful algae that can produce toxins or form colored bloom along the coast (Faust and Gulledge 2002; Kempton et al. 2002; Chen et al. 2000; Gray et al. 2003; Pienaar et al. 2007 ). Dinophysis fortii is a toxin producing species and the most noxious cause of diarrhetic shellfish poisoning in Japan (Nagai et al. 2011 ). This species is common in the neritic area, but in our study, it mainly appeared in four areas: N101, and N102, N201, N701, and N414, N501. We speculate that the occurrence of D. fortii in sites N701 and N414 was related to the movement of sea water from the coastal zone to the oceanic area. Three red tide-forming dinoflagellates, Karenia brevis, Durinskia capensis, and Kryptoperidinium foliaceum, w e r e o c c a s i o n a l l y o b s e r v e d i n o ff -s h o r e s i t e s ; Protoperidinium quinquecorne, specially frequently occurring in sites N104 and N501, also has been reported as a red tide species in the SCS (Chen et al. 2000) .
Station N709 represented a classic estuary environment characterized by low salinity level and temperature and high ammonia nitrogen, nitrate, nitrite, and phosphate concentration. In clone library N709, Haptophyta represented a very low proportion; conversely, Stramenopiles accounted for over Fig. 5 Principal coordinate analysis (PCoA) exhibits permutations of 33 samples. P1 and P2 together explain 63.30 % of total variation. It seems that beta biodiversity is mainly related to geographic factors. PCoA was conducted using weighted UniFrac distance 90 % of phylotypes in this site (Fig. 3) . We also found that the phytoplankton assemblage of N709 had extremely low diversity (Table 1) and was distinctively different from the other phytoplankton communities in composition and structure (Figs. 4 and 5) . This indicated estuary area as brackish environment shaped distinct phytoplankton community with feature of reduced diversity in faunal and floral communities due to mix of fresh water with sea water (Herlemann et al. 2011 ). Many studies have suggested that salinity in brackish environments, such as estuaries and coastal environments, is the major determinant to microbial community structure and has a particularly strong impact on the distribution of some species (Herlemann et al. 2011; Telesh and Khlebovich 2010; Wu et al. 2006) . Sun et al. (2007)) found that the distribution of phytoplankton species in winter was greatly affected by salinity, photosynthetically active radiation (PAR), phosphate, and temperature. Therefore, we also used correlation analysis between the diversity estimators and the abiotic factors data to see which was the crucial reason to explain the dissimilarity of phytoplankton communities in the NSCS. Our results showed that neither salinity nor any nutrient correlated strongly with the phytoplankton diversity indexes as we expected, while temperature, depth, and latitude of locations seemed to have significantly positive/negative correlation with those diversity estimators ( Table 2) . Temperature greatly affects the metabolism of all organisms. Within favorable thermal ranges, there exists a positive increase in metabolic rate as temperature rises (Regaudie-de-Gioux and Duarte 2012; Gillooly et al. 2001) . We consider that relatively high temperature stimulated both photosynthesis and respiration, thereby impacting on biodiversity of phytoplankton at the sea surface. Temperature, depth, and latitude can be seen as important biogeographic features that shape communities of phytoplankton. In other words, to a large extent, biogeographic factors were responsible for the beta diversity of phototrophic phytoplankton communities in the NSCS.
In conclusion, molecular approaches allowed us to analyze a broader range of species and population of natural phytoplankton communities when compared with previous studies. In the NSCS area, Stramenopiles and Haptophyta were very frequent, accounting for the majority of phytoplankton phylogenetic types. Although the diversity of Dinophyta might be underestimated, we still observed five harmful species in some coastal locations. Furthermore, species of Rhodophyta and Cryptophyta, which were barely reported in previous studies, were found to be more abundant and widely spread in this area. Phytoplankton in the water column are well known to be strongly influenced by salinity, light, nutrients, and temperature, while our results indicated biogeographic factors were primarily correlated with richness and biodiversity of phototrophic phytoplankton in the NSCS.
